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SOURCES. -Friedman et al. 1957a -Friedman et al. , 1957b Stebbins 1954; Hall and Kelson 1959; Savage 1960 . NOTE.-Data from the northern end of the peninsula represent only those species found in the eastern Sonoran Desert portion.
Colorado River at the head of the gulf, creating a broader land bridge with the Sonoran Desert. Sonoran Desert vegetation extends the length of Baja California, breaking up in the cape region into small patches interspersed with more mesic lowland and montane vegetation. Southwestern desert vegetation seems to have remained stable for a long time. According to paleoecological evidence from the southwestern United States and northern Mexico, no major vegetational shifts have occurred within the last 30,000 yr (Martin and Mehringer 1968; Meyer 1973) . Detailed evidence from fossil pack rat middens indicates that woodland vegetation 10,000-20,000 yr ago may have extended 200-600 m below its present elevation, but the Sonoran Desert undoubtedly persisted at elevations of up to 400 m (Van Devender and King 1971; Van Devender 1973) .
Closer examination of the fauna of Baja California reveals the generality of the pattern among various vertebrate groups. Table 1 lists the number of species found in the Sonoran Desert portion of the northern base of the peninsula, the number in all vegetation types at the cape, and the percentage of decrease. These data are biased against a peninsular effect because the diversity of habitats in the cape region is greater than in the Sonoran Desert portion of the north. Even with that, the numbers of species are either the same or fewer at the tip. This is especially striking in the snakes, birds, and bats, because the diversity of these groups increases markedly over the same vegetational transect on the Mexican mainland (Stebbins 1954; Hall and Kelson 1959; Cook 1969; Hardy and McDiarmid 1969) . We could speculate on the degree to which the ecological differences among these vertebrate groups influence the variation in the peninsular pattern, but this would be premature for the purposes of this paper. Our first task is to see if the pattern in any of these groups is best explained by an equilibrium peninsular effect.
We chose the heteromyid rodents, kangaroo rats and pocket mice, as a model group for several reasons, the most important of which is that their ease of capture makes it likely that the distributional records are fairly accurate. Inasmuch as they form an ecologically homogeneous group, the Sonoran Desert species being all granivorous, their biogeographic patterns may reflect simple differences in the interactions of the species with the environment and with one another. Finally and not least important, the decrease in the diversity of Sonoran Desert heteromyidae from 12 species on the northeast gulf coast to two species near Cape San Lucas ( fig. 1 ) accounts for nearly half the total decrease in mammals.
We identify three alternative explanations for the pattern in heteromyid diversity on Baja California. The first, advanced by Orr (1960) , is that too little time has elapsed since Baja California became Sonoran Desert to have allowed all the mammals to spread to the cape. On the basis of existing paleoecological data, Orr's estimate of 12,000 yr since the vegetation stabilized in its present form appears to be a bit late. Even if correct, however, one wonders if any mammal could not extend its range 1,100-1,200 km in 12,000 yr, given favorable ecological conditions. The dramatic extension of the range of the armadillo (Dasypus novemcinctus) northward into the United States since the mid-nineteenth century attests to the speed with which range extensions can occur (Buchanan and Talmadge [1954] , cited in Udvardy 1969).
A second explanation is that the climate, as reflected in the species composition, structure, and productivity of plant communities, determines the limits of the range of each heteromyid species. This is certainly a reasonable explanation. The desert vegetation is not uniform along the length of the peninsula; Shreve and Wiggins (1964) recognized four distinct subfloras. With a couple of exceptions, heteromyid rodents are not known to depend upon particular species of plants, but they do specialize upon certain structural characteristics of the plant community (Rosenzweig and Winakur 1969; Rosenzweig 1973; Lieberman 1974; Schroder and Rosenzweig 1975) . Systematic change in habitat structure along the peninsula, as the Sonoran Desert community changes to a subtropical thorn scrub, could result in an environment increasingly unsuitable for kangaroo rats and pocket mice. On the mainland a pool of rodent species is available from tropical regions to replace the heteromyids; on the peninsula the only alternative to a decrease in diversity is the evolution of greater ecological plasticity by the Sonoran Desert rodents. This is the explanation Robertson and Kushlan (1974) prefer for the decrease in avian diversity on Florida. In the absence of detailed data on the physical structure of Sonoran Desert plant communities on Baja California and the habitat requirements and plasticity of the particular heteromyid species involved, this second hypothesis cannot be rejected.
The third hypothesis, advanced by Simpson (1964) , is that the pattern is an equilibrium resulting from a balance between extinction and recolonization. This approach is familiar to most ecologists by its application to islands (MacArthur and Wilson 1967) . Simpson proposed that smaller peninsular populations are more likely to become extinct and recolonization is increasingly difficult the farther a site is from the mainland. The resultant equilibrium would show a decrease in diversity toward the tip. The only advantage of this hypothesis over the first two is that it can be described mathematically. Accordingly, we develop next an extinction-recolonization model of the invasion process, our purposes being both to test the logic of Simpson's hypothesis and to discover the conditions under which it is valid.
THE MODEL
A model of colonization and extinction on peninsulas should be soluble by analytical methods. Our efforts in that direction have not as yet been successful, so we present here the results of a series of computer simulations of the Monte Carlo or probabilistic form. Baja California is conceived of as a linear sequence of 100 habitat "islands," on each of which each of the 12 species of heteromyids is either present or absent. Colonization of an unoccupied site can only occur from an adjacent occupied site.
The flow of the simulation is quite simple. Annual colonizing episodes alternate with periods of vulnerability to extinction. Starting with an empty peninsula and with all 12 species on the mainland, these alternate periods of colonization and extinction occur until an equilibrium is approached in which the diversity profile of the peninsula remains unchanged. Results show that an equilibrium (and only one) developed in all simulations regardless of whether the peninsula was assumed to be empty at the beginning or to contain all species at all sites; moreover, the form of the equilibrium was not dependent upon the starting conditions. Each equilibrium was then compared with figure 1 to see if the qualitative features of a real pattern were duplicated.
Simulations indicate that the equilibrium profile consists of a more or less rapid decrease to a plateau in species number, an equilibrium over space as well as time. This level of species richness is maintained until the end of the peninsula is approached, and then it drops off rapidly. Figure 2 is an example of a typical pattern. The annual colonization and extinction probabilities apparently influence both the height of the plateau and the rate of decrease to it. Our criteria for the demonstration of a peninsular effect (derived from fig. 1 ) require that the decrease from the peak diversity to the tip be gradual and that any plateau be low. The equilibrium pattern in figure 2, for example, would not be suitable.
The first series dealt with what can be dubbed a "noninteractive" model. All transition probabilities were the same for each of the 12 species and independent of the diversity of the community at each point. The most striking feature of this series of simulations is that the desired pattern is quite difficult to produce. In figure 3 we portray the parameter space defined by the annual probability of extinction and the annual probability of colonization of a vacant site from an adjacent occupied site. The stippled portion represents that combination of parameters producing an appropriate pattern. In the region to the upper left extinction was too likely; consequently, no species colonized the entire peninsula. The lower right region produced much too high a baseline number of . The model appears to be a bit more sensitive to variation in the probability of extinction than to the probability of colonization.
The observation that the fraction of the parameter space producing a peninsular effect is small might indicate that the extinction-recolonization paradigm is inappropriate. Unfortunately we have no idea which are realistic parameter values in nature. Heteromyids may in fact fit precisely into the region producing a peninsular effect. What certainly emerges from this model is that the constraints upon the probabilities of colonization and extinction are severe, making the model vulnerable to empirical evidence.
The first version of the model contains a number of simplifying assumptions which could influence the shape of the equilibrium. Several of these need discussion. We proceed next to explore the consequences of not assuming that all species have identical parameter values or that parameter values are independent of species diversity, of not assuming that the peninsula has 100 habitable sites rather than fewer, and, finally, of not assuming that these sites are arranged in a linear sequence but in parallel double or triple chains.
Any group of 12 species is unlikely to contain equally good colonizers or species equally vulnerable to extinction. We might expect systematic variation in the natural community, some species displaying high probabilities, others low. Measurements of these parameters do not exist, so we allowed for differences among species by assigning each an extinction probability chosen at random from a normal distribution with a given mean and a standard deviation of 0.05. This was done four or five times for each mean value. If any of these trials produced an appropriate equilibrium, we concluded that the mean value in question could produce a peninsular effect. Our expectation that a peninsular effect would be much easier to produce with variable parameters proved to be unfounded. Figure 4 shows that the region of parameter space producing an appropriate equilibrium is enlarged only slightly. We did not explore the parameter space nearly as extensively in this series as in the last because of the expense of this kind of simulation, but the earlier conclusion still seems to hold. It is difficult to produce a peninsular effect such as seen in the heteromyids; the constraints on the parameters are severe.
The kangaroo rats and pocket mice taken as a group appear to be resource specialists, indicating that competition for the common resource base may have been an important ecological and evolutionary factor. Although there is some question about the form and extent of this interaction (Schroder and Rosenzweig 1975; Brown and Lieberman 1973; Reichman and Oberstein 1977) , we thought it reasonable to investigate the influence of competition upon the equilibrium pattern.
Competition was included by making the probability of extinction a function of the diversity of the heteromyid community. This is "extinction competition" in the sense of Levins and Culver (1971) and Slatkin (1974) . The logic is that an increase in diversity will decrease the equilibrium population of each species and render it more vulnerable to chance extinction. Two basic functional forms were used to describe the dependence of extinction upon diversity. In the first the species number increased the probability of extinction in an additive fashion, the form used by Levins and Culver (1971) and Slatkin (1974) . In the second form the probability of extinction increased exponentially with species number, the second function being the more reasonable (MacArthur and Wilson 1967) . The result in either case was clear: a peninsular equilibrium mimicking figure 1 is very difficult to produce if competition has a significant influence. The additive form of the probability of extinction had both diversity-dependent and diversity-independent components. Even when parameters were chosen to make the diversity-dependent component small compared with the diversity-independent component, an appropriate .7 .8 9 1. PROBABILITY OF COLONIZATION 1IG. 4.-The combination of parameters producing an appropriate diversity pattern when the probability of extinction is allowed to vary among the species (see text). equilibrium could not be produced. The patterns produced were consistent, exhibiting a high or low plateau, depending upon parameters, and always a very sharp decrease to that plateau. This seems reasonable, inasmuch as extinction is most likely near the mainland source where diversity is greatest. The dynamics of these simulations followed a typical pattern: a few species would colonize the entire peninsula rapidly, and the remainder would be unable to penetrate to any significant extent.
The change in the intensity of competition on Baja California may not be nearly as dramatic in reality as even the weakest version of the model. It is. unlikely, for example, that more than five of the 12 species on the north Gulf Coast occur together in any one local area. Several may be insignificant competitors wherever they occur. Nevertheless, the model is remarkably sensitive to competition in the form in which we described it.
The division of Baja California into 100 habitable sites was originally chosen as a compromise between reality, which is that the peninsula may be nearly continuously habitable for heteromyids, and the difficulty and expense of simulation, which increases enormously as the peninsula is chopped into more and smaller segments. There are animal groups, however, for which Baja California certainly does not provide continuously suitable habitat; obvious examples are the birds and mammals of montane habitats. To explore the difficulty of producing a peninsular effect with fewer than 100 habitable sites, we repeated the simulation with identical parameter values, without competition, and using only 25 sites. We reasoned that if the abrupt decreases in diversity from the mainland to the plateau and from the plateau to the peninsular tip were brought close enough together, they could swamp the effects of a high plateau and produce an appropriate peninsular pattern for a larger set of parameter values. The results in figure 5 bore this out. It was reasonably easy to produce a peninsular effect given only that the probability of extinction was low. While a string of 100 habitable sites seems more realistic than 25, we cannot rule out the possibility that subtle ecological factors result in a lower figure. The final assumption we discuss is the use of only one chain of habitable sites rather than two or more adjacent chains. The robustness of the model to this assumption clearly depends upon which of two types of colonizers one considers. The simpler case deals with active dispersers such as vertebrates who maintain control over the direction of their dispersal. These organisms will reflect off a barrier, such as the ocean, and return to the peninsula. A little reasoning leads one to the conclusion that the diversity pattern for a single chain of habitable sites will be the same, whether it occurs alone or adjacent to any number of other chains of suitable sites. The increase in the number of sources of colonists will be exactly balanced by an increase in the number of target sites.
The situation is a bit more complicated with passive dispersers. A propagule leaving a point along an isolated linear string of sites clearly stands a poor chance of getting to another habitable site. But if this one chain lies adjacent to another, then the angle of departure leading to a hospitable site forms a very much larger proportion of a circle. We conclude, therefore, that the effect of relaxing the assumption of a simple onedimensional model may be thought of for passive dispersers as equivalent to an increase in the probability of colonization and for active dispersers as nothing at all.
One of the few advantages of a simulation model over an analytical model solved for equilibrium conditions is that it provides an idea of the time taken to approach equilibrium. The length of the transient phase is important for comparing the equilibrium and disequilibrium hypotheses. Even when the equilibrium pattern is appropriate, the model must be rejected if the transient phase is too long. If it is sufficiently short, the disequilibrium hypothesis can be rejected.
With this in mind, then, we note that in no simulation did the time to equilibrium exceed 2,000 yr; in most cases it was substantially less. The length of the transient phase of colonization depends upon several factors, the starting conditions, the dispersal abilities of the species involved, and the lag between the time a site is colonized and when it begins to send out colonists in turn.
In most of these simulations, the peninsula was assumed to be devoid of heteromyids at the outset. While this admittedly artificial assumption had no effect upon the form of the equilibrium, it certainly influenced the length of the transient period. The possibility that we underestimated the time taken to approach equilibrium could be tested by simulations beginning with all species present at all locations. This-was done, and in every case the same equilibrium was achieved substantially more rapidly; hence the estimate of the length of the transient phase one gets by assuming an initially empty peninsula is probably conservatively long.
The dispersal abilities of heteromyids are not very well documented. In the model a dispersing animal was assumed to be able to make it to the adjacent site with a given probability. Division of Baja California into 100 points would set this dispersal distance at about 10 km. This is probably excessive for pocket mice but may not be unreasonable for the larger kangaroo rats. Schroder and Rosenzweig (1975) trapped one male Dipodomys ordii at two sites separated by 9.5 km of rough terrain and another D. ordii that had covered 5 km in only a week.
The third assumption, that population density need not be considered, must result in a shortened transient phase. Since it must take a population at least 2-3 yr to build to the point that it sends out colonists, the species would undoubtedly march down the peninsula more slowly than predicted.
In spite of these difficulties, we think it unlikely that the model is in error by more than a factor of 5 or 6. This means that the transient colonizing phase on Baja California was probably not greater than 10,000-12,000 yr. The vegetation has apparently been stable for this length of time, leading us to conclude that the disequilibrium hypothesis is not an adequate explanation of the current diversity pattern. This conclusion is buttressed by the fact that birds, with their potentially rapid dispersal abilities, also demonstrate a peninsular effect.
CONCLUSIONS
The extinction-recolonization model can generate a great many patterns in which there are fewer species at the tip of the peninsula than at the base; however, approximation of one available documented pattern (that exhibited by heteromyid rodents) is difficult and requires severe constraints upon parameters and assumptions. The extinction-recolonization hypothesis is not necessarily threatened by these limits; the heteromyidae may meet the conditions the model imposes. Patterns for other less well documented vertebrate groups could prove to be somewhat different, for the most part not showing nearly so severe a decrease and perhaps not changing gradually over the entire length of the peninsula. Models of these groups will possibly not require such strict constraints upon parameters.
The most reasonable alternative to the model is that systematic changes in climate and vegetation sequentially eliminate all but Perognathus spinatus and D. merriami, the two species that penetrate all the way to Cape San Lucas. Such an explanation of the peninsular effect on Baja California would be substantially less general in its application to other sites than Simpson's extinction-recolonization hypothesis. SUMMARY A simulation model is presented which explores the extinction-recolonization explanation of the decreased number of animal species on peninsulas. Using as an example the pattern of species density of heteromyid rodents on Baja California, we show that severe constraints on the values of the parameters are necessary for the model to produce an appropriate pattern. When competition, modeled as influencing the probability of extinction, is included in the simulation, an appropriate equilibrium pattern is difficult to produce. A peninsular effect results more easily if the habitable sites are few and widely spaced. The rapid speed with which equilibria were approached, even when adjusted for inaccurate assumptions, makes an explanation based upon a faunal disequilibrium unlikely.
